Summary Purpose To investigate the toxicity profile, activity, pharmacokinetics, and pharmacodynamics of pemetrexed in leukemia. Patients and Methods Patients with refractory or relapsed acute leukemia were eligible. A phase I 3+3 design was implemented. Pemetrexed was infused intravenously (IV) over 25 min with vitamin supplementation. Courses were repeated every 3 to 4 weeks according to toxicity and efficacy. The starting dose of 900 mg/m 2 was escalated by approximately 33% until the dose-limiting toxicity (DLT) was determined. Results Twenty patients with acute myeloid (AML) or lymphocytic (ALL) leukemia received therapy. The main nonhematologic adverse event was liver dysfunction at several dose levels, including 2 DLTs at 3,600 mg/m 2 . One patient with ALL (3,600 mg/m 2 dose level) achieved a partial response. Pemetrexed pharmacokinetics were linear with escalated dosing. Elevated plasma deoxyuridine was observed in a subset of patients following pemetrexed infusion, but was not correlated with dose levels. Changes in the nucleotide pools of circulating mononuclear cells were observed, but were variable. Conclusions The recommended phase II dose of pemetrexed for future leukemia studies is 2,700 mg/m 2 IV over 25 min every 3 to 4 weeks with vitamin supplementation. Deoxyuridine levels did not increase with increasing pemetrexed dose, suggesting pemetrexed inhibition of thymidylate synthase (TS) may be saturated by the 900 mg/m 2 dose level. However, no firm conclusion can be made regarding TS saturation in tumor cells. While tolerable, pemetrexed monotherapy had limited activity in this highly refractory population. Exploration of pemetrexed in combination with other active agents in leukemia is a reasonable future endeavor.
Introduction
The American Cancer Society estimated that approximately 18,700 new cases of acute lymphocytic leukemia (ALL) and acute myeloid leukemia (AML) were expected to occur in 2008, with 10,300 associated deaths [1] . Although treatments for some acute leukemias have improved significantly over the years, most afflicted adults eventually die from disease progression; the 5-year survival for patients with AML is 20% to 30%, whereas the 5-year survival for patients with ALL is 30% to 45%. Because many older patients with leukemia are unable to tolerate intensive chemotherapy regimens, there is a need for more efficacious agents and regimens with improved tolerability [2] .
Pemetrexed is a multitargeted antifolate with known activity in a number of tumor types [3] . It exerts its cytotoxic effect predominantly through inhibition of thymidylate synthase (TS), which is a folate-dependent enzyme that catalyzes the transformation of deoxyuridine monophosphate (dUMP) to thymidine monophosphate (TMP). Inhibition of TS disrupts DNA synthesis via a reduction in intracellular thymidine levels [4, 5] .
Pemetrexed (Alimta®) in combination with cisplatin is approved by the Food and Drug Administration (FDA) for the treatment of patients with malignant pleural mesothelioma whose disease is unresectable or who are otherwise not candidates for curative surgery, and for the initial treatment of patients with advanced or metastatic nonsquamous non-small cell lung cancer (NSCLC) [6] . As a single agent, pemetrexed is approved for the treatment of patients with locally advanced or metastatic nonsquamous NSCLC after prior chemotherapy and for maintenance treatment of patients with locally advanced or metastatic non-squamous NSCLC whose disease has not progressed after 4 cycles of platinum-based, first-line chemotherapy. The approved dose schedule is 500 mg/m 2 intravenous (IV) administration every 3 weeks. Early studies with pemetrexed were performed without vitamin B12 and folic acid supplementation [7] . However, it was subsequently shown that patients with elevated homocysteine, a marker for folic acid deficiency, were more likely to experience pemetrexed-associated toxicities [8] . More recent clinical trials involving pemetrexed were amended to include vitamin B12 and folic acid supplementation [7] with subsequent reduction in the incidence of severe toxicities [6] .
In vitro cytotoxic activity against a leukemia cell line and myelosuppression as a dose-limiting toxicity (DLT) in patients with solid tumors [9] provided the rationale for testing pemetrexed in patients with leukemia. Because pemetrexed has been safely evaluated at a dose of 900 mg/m 2 in patients with solid tumors [10, 11] , higher doses were explored in this clinical trial involving patients with relapsed acute leukemia. The primary objective of this phase I study was to define the DLT and maximum tolerated dose (MTD) of pemetrexed (900-3,600 mg/m 2 ) with vitamins and folic acid in patients with relapsed leukemia when administered as a single dose every 3 to 4 weeks. Secondary objectives were to conduct a pharmacokinetic (PK) assessment of pemetrexed in the study population and to study the pharmacodynamics (PD) of pemetrexed in plasma and peripheral blood mononuclear cells. A preliminary efficacy analysis was also performed.
Materials and methods

Study group
Patients who were at least 15 years of age, with a diagnosis of relapsed or refractory acute leukemia, were eligible for this study. The first patient was enrolled on 25 March 2005 and the last patient visit was on 10 October 2006. This study was conducted at one study center (MD Anderson Cancer Center) in the United States. The protocol was approved by the institutional review board prior to enrolling any patient, and all patients provided written informed consent according to regulatory guidelines prior to undergoing any study procedure or receiving any study therapy. The study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practices. Other eligibility criteria included: Eastern Cooperative Oncology Group performance score 0 to 2; serum bilirubin <1.5 mg/ dL; aspartate transaminase (AST) and alanine transaminase (ALT) levels <3-5 times upper limit of normal (ULN); creatinine <1.5 mg/dl or calculated creatinine clearance (CrCl) ≥45 mL/min based on the standard Cockcroft and Gault formula; estimated life expectancy ≥16 weeks; use of adequate contraception; and negative pregnancy test in women of childbearing potential.
Exclusion criteria were: treatment within the last 30 days with an investigational anti-leukemia drug; cytotoxic chemotherapy (other than imatinib, corticosteroids, or hydroxyurea) or radiotherapy within the last 7 days; known central nervous system (CNS) disease; history of allergic reactions attributed to compounds of similar chemical or biologic composition to pemetrexed; uncontrolled intercurrent illness including active infection, symptomatic congestive heart failure, unstable angina pectoris, cardiac arrhythmia, or psychiatric illness/social disorders that would limit compliance with study requirements; clinically relevant third-space fluid collections that could not be controlled by drainage or other procedures prior to study entry; and second primary malignancy (except in situ carcinoma of the cervix or adequately treated non-melanomatous carcinoma of the skin or other malignancy treated ≥5 years previously with no evidence of recurrence; prior low grade [Gleason score ≤6] localized prostate cancer was allowed). Additional exclusion criteria were inability or unwillingness to take folic acid, vitamin B12 supplementation, or dexamethasone and inability to interrupt aspirin or other nonsteroidal antiinflammatory agents for a 5-day period (8-day period for long-acting agents such as piroxicam.
Therapy
Pemetrexed was administered IV over 25 min every 3 to 4 weeks. In addition, all patients received daily folic acid (350 to 600 μg) and vitamin B12 (1,000 μg) administered ≥12 h prior to pemetrexed. The starting dose of pemetrexed was 900 mg/m 2 . Dose escalations were to 1,200, 1,500, 2,000, 2,700, and 3,600 mg/m 2 (Table 1) using a classical 3+3 design. At each dose level, 3 patients were enrolled. If one DLT was observed, up to 3 additional patients were enrolled at the same dose level. If no DLT was observed, enrollment began at the next higher dose level. All patients within a dose level were observed for a period of 3 weeks following drug administration before any patient was enrolled at the next dose level. The MTD was defined as the dose below that at which at least 2 patients experienced a DLT.
A DLT was defined as a clinically significant adverse event (AE) or abnormal laboratory value assessed as unrelated to disease progression, intercurrent illness, or concomitant medication(s) occurring in the first cycle of treatment. A DLT must have met the following criteria: 1) Common Terminology Criteria for Adverse Events (CTCAE) Grade 4 AST/serum glutamic oxaloacetic transaminase (SGOT) or ALT/serum glutamic pyruvic transaminase (SGPT) of any duration; or 2) all other clinically significant non-hematologic National Cancer Institute Common Toxicity Criteria version 3.0 (NCI-CTC v3.0) AEs that were CTCAE Grade 3 or 4. Due to the nature of this disease, hematologic AEs were not considered DLTs.
There was no dose reduction for hematological toxicities. Patients were supported with blood products or hematopoietic growth factors as per institutional guidelines for neutropenic fever or documented infections. Retreatment with pemetrexed, if judged beneficial, was allowed if >5% blasts were present in the bone marrow or the peripheral blood on Days 14-21 following pemetrexed treatment. Consolidation therapy was allowed at the discretion of the treating physician if ≤5% blasts were present in the bone marrow after induction therapy. This was given within 1-2 weeks after hematologic recovery, defined as absolute neutrophil count (ANC) >10 9 /L and platelet count >100×10 9 /L, but within 42 days after the last dose of pemetrexed. Additional doses could be given to patients who were not candidates for bone marrow or peripheral blood stem cell transplantation or who were experiencing hematologic improvement with therapy. The use of hydroxyurea to control peripheral blasts, up to a maximum of 5 g daily for 5 days, was allowed during the first cycle of therapy with pemetrexed.
Methods
Plasma sampling and processing For PK assays, blood was drawn immediately prior to the pemetrexed infusion, at the end of the infusion, and at 1, 2, 4, 6, 24, 48, and 168 h after the infusion. Samples were analyzed for pemetrexed at Taylor Technology, Inc. (Princeton, NJ) using a validated liquid chromatography/electrospray ionization-tandem mass spectrometry (LC/MS/MS) method that generated a linear response over the concentration ranges of 10 to 2,000 ng/ mL and 1,000 to 200,000 ng/mL [12] . Plasma deoxyuridine samples were obtained immediately prior to pemetrexed administration and at 2, 6, 24, 48, 72, and 168 h after the infusion. Plasma deoxyuridine was determined at Taylor Technology Inc. (Princeton, NJ) using a LC/MS/MS analytic method validated over the concentration range of 5 to 500 ng/mL.
Pharmacokinetic analyses Pharmacokinetic analyses were done using a population PK approach in the nonlinear mixed-effect modeling program, NONMEM (version V) with PREDPP (version V), using first-order conditional estimation (FOCE) with interaction [13] . A 3-compartment model with constant rate input (IV infusion) and parameterized in terms of clearance (CL), central volume of distribution (V1), intercompartmental clearances (Q2 and Q3), and peripheral volumes of distribution (V2 and V3) was used to describe the PK of pemetrexed. Previously established covariates (creatinine clearance estimated by the Cockcroft-Gault method [CrCL CG, std ] relative to pemetrexed clearance and body surface area [BSA] relative to pemetrexed volume of distribution) were incorporated into the model. Dose proportionality of pemetrexed exposure over the dose range of 900 to 3,600 mg/m 2 was assessed using a linear regression model in the statistical software, S-Plus.
Cellular pharmacology Mononuclear cells that were collected concurrent with PK samples, were isolated using Ficoll-Hypaque density-gradient step-gradient centrifugation procedures as described [14] . An aliquot of the washed cells was extracted and treated with rat plasma hydrolase to degrade polyglutamates to parent pemetrexed. Total pemetrexed was solvent-extracted and levels determined at a central laboratory (Taylor Technology, Princeton, NJ) as described above for plasma samples. Inhibition of DNA synthesis was assessed by determining [ 3 H]deoxycytidine (1 μCi/ml) uptake by mononuclear cells as described [15] .
The results were expressed as a percentage of control value from cells obtained before therapy. For determination of cellular nucleoside triphosphate pools (NTPs), another aliquot of the cells was extracted with 60% methanol and extracted NTPs were assayed as described [15, 16] , whereas extracted deoxy-NTPs were assayed using the DNA polymerase assay as described elsewhere [17] .
Response and toxicity criteria Complete remission (CR) was defined as normalization of the blood and bone marrow with ≤5% blasts, normocellular or hypercellular bone marrow, a granulocyte count ≥10 9 /L, and a platelet count ≥100×10 9 /L lasting for ≥4 weeks. Patients who met these criteria but still had 6% to 25% marrow blasts were considered to have a partial remission (PR). Hematologic improvement (HI) was defined as for CR, but with platelet counts remaining <100×10 9 /L. Other responses were considered as treatment failures. Toxicity was graded using the NCI-CTCAE v3.0 criteria. All patients receiving at least one pemetrexed dose were considered evaluable for toxicity. Prolonged myelosuppression, as defined by the leukemia-specific NCI criteria (marrow cellularity <5% without evidence of leukemia on Day 42 or later [6 weeks] from start of therapy), was considered in defining the MTD and DLT.
Results
Study population
Twenty-two patients were enrolled into the study and 20 received therapy (Table 1 ). The median age was 50 years (range: 18 to 75 years). Nine patients were female. The diagnosis was AML in 13 patients and ALL in 7. The median number of prior salvage regimens was 2 (range: 1 to 5). Fifteen patients had chromosomal abnormalities. All patients were refractory to their immediate prior therapy.
Maximum tolerated dose and safety
At the specified dose escalations, transient Grade 1 and 2 liver function abnormalities that were not clinically relevant were observed. Other clinically significant AEs are shown in Table 2 . Five patients were treated at Dose Level 6 (3,600 mg/m 2 ) ( Table 1) . Of these, one patient experienced a Grade 3 AST, another patient experienced a DLT of Grade 3 diarrhea that were both judged to be possibly treatmentrelated, and a third patient experienced a DLT (Grade 4 bilirubin) that was considered definitely treatment-related. Therefore, the MTD and dose recommended for phase II studies in leukemia was 2,700 mg/m 2 . No patient received more than one dose of pemetrexed.
As expected, the predominant Grade 3 and 4 toxicities were hematologic (Table 2) . Grade 3 and 4 liver abnormalities affected up to 33% of patients at some dose levels. With the possible exception of Grade 3 diarrhea, there did not appear to be a relationship between pemetrexed dose and frequency of AEs at pemetrexed doses ranging from 900-3,600 mg/m 2 . No other clinically relevant drug-related toxicities were observed.
There were three discontinuations from this study due to an adverse event or death. One patient discontinued due to progression of an intercurrent illness (frontal subdural hematoma); the relationship of the event to study drug treatment was uncertain. There were two deaths on study. One death was attributed to disease progression, and the second death involved a patient with a history of hypertension, who was neutropenic and thrombocytopenic at the time of study treatment. This patient subsequently developed acute renal failure, pulmonary edema secondary to congestive heart failure, and hepatic toxicity while receiving antibiotics and antifungals for febrile neutropenia. This patient then developed progressive disease after study treatment and died.
Pemetrexed pharmacokinetics (PK)
Samples from 12 patients (85 observations) were available and were included in the analysis.
Exposure to pemetrexed appeared to increase in a linear fashion over the pemetrexed dose range of 900 to 3,600 mg/ m 2 . The PK of pemetrexed 900-3,600 mg/m 2 were consistent with those for a reference population administered pemetrexed 600-1,400 mg/m 2 [7] . Table 3 shows calculated maximum observed drug concentration (C max ), area under the concentration-time curve (AUC), total body clearance of drug (CL), and volume of distribution at steady-state (V ss ) for each dose of pemetrexed.
The individual concentration-time profiles, which were normalized to a pemetrexed dose of 500 mg/m 2 for a BSA of 1.75 m 2 , are presented in Fig. 1 . The exposure to pemetrexed appeared to increase linearly with increasing dose. One patient (Patient 16) exhibited slightly elevated dose-normalized concentrations relative to other concentrations obtained at times prior to 48 h (data not shown), and was excluded from the primary analysis of PK. The final population PK model was used to calculate individual PK parameters for Patient 16 based on the BSA (1.49 m 2 ) and CrCL CG, std (54.8 mL/min). The concentration-time profiles for all patients followed a similar pattern of multi-exponential decay.
Pharmacodynamics
The primary effect of pemetrexed is inhibition of TS, which causes fluctuations in the nucleotide pools and subsequent changes in DNA synthesis. In addition, inhibition of TS results in the intracellular accumulation of deoxyuridine monophosphate. Subsequent hydrolysis of the phosphate moiety causes deoxyuridine efflux into the circulation. Therefore, plasma deoxyuridine has been regarded as a PD marker for systemic TS inhibition [18] . It was therefore of interest, to examine the effect of pemetrexed dosing on the above parameters in mononuclear cells. Pharmacodynamic measurements were available for only a subset of patients who were able to provide sufficient and/ or suitable samples. Only one patient (patient 100, treated at the 900 mg/m 2 dose level) provided sufficient material for both PK and PD measurements. In this patient, plasma pemetrexed peaked rapidly (Fig. 2) . The clearance of plasma pemetrexed was followed by accumulation of intracellular pemetrexed, which persisted for approximately 48 h. Additionally, plasma deoxyuridine levels increased transiently, with its elimination lagging slightly behind the clearance of plasma pemetrexed. Patient 100 demonstrated variation in nucleotide pools over this time frame (Fig. 3b) .
Changes in thymidine triphosphate (TTP) and deoxyguanosine triphosphate (dGTP) pools were variable among patients ( Fig. 3a and b) . Because of the limited PD data, it was not possible to make definitive correlations between pemetrexed plasma levels and subsequent PD effects on mononuclear cells. The effect of pemetrexed on DNA synthesis was evaluated in one patient treated at the 1,500 mg/m 2 dose level. In this patient, inhibition of deoxycytidine incorporation into cellular DNA was observed (Fig. 3c) . In five patients receiving pemetrexed doses ranging from 900-3,600 mg/m 2 , the administration of a single dose of pemetrexed was associated with an elevation of plasma deoxyuridine peaking between 24 and 48 h (Figs. 2 and 4) . Peak (not shown) and relative deoxyuridine levels were similar among patients regardless AUC area under the concentration-time curve from time zero to infinity, BSA body surface area, CL pemetrexed systemic clearance, C max maximum plasma concentration, n number of patients at each dose level, PK pharmacokinetic, V ss volume of distribution at steady-state a Geometric mean (CV%) is reported for dose groups with 3 or more observations . One patient was treated with a single dose of pemetrexed and blood was drawn at the indicated time points. Plasma pemetrexed, plasma deoxyuridine, and total intracellular pemetrexed (mononuclear cells) were determined as described in Methods. Shown are analyte concentration (plasma pemetrexed, intracellular pemetrexed, and plasma deoxyuridine) versus time following pemetrexed infusion of pemetrexed dose, and the peak occurred within 24 to 48 h (Fig. 4) .
Response
Among the 20 patients who were evaluable for response, there was one PR in a patient with ALL receiving pemetrexed 3,600 mg/m 2 . This patient achieved a reduction of marrow blasts from 25% to 2% but without recovery of platelets. No other significant reductions of marrow blasts were noted. Three patients had >90% reduction of peripheral blasts.
Discussion
This phase I study of pemetrexed in relapsed/refractory leukemia established a dose of 2,700 mg/m 2 IV over 1 h every 3 weeks with folic acid and vitamin B12 as the MTD and recommended phase II dose. At dose level 6 (3,600 mg/m 2 ), two patients experienced liver dysfunction, which manifested as hyperbilirubinemia and elevated transaminases. Also at dose level 6, a patient who was receiving multiple antimicrobial agents experienced Grade 3 diarrhea, which was considered possibly related to study treatment. There were no DLTs at 2,000 mg/m 2 and 2,700 mg/m 2 , but one patient experienced Grade 3 liver dysfunction that was possibly treatment-related at dose level 2 (1,200 mg/m 2 ).
Otherwise, as expected, myelosuppression was a common Grade 3 or 4 toxicity. Thus, pemetrexed was well tolerated at its MTD in this patient population. The MTD in patients with relapsed/refractory leukemia is 5 times higher than the approved dose of pemetrexed 500 mg/m 2 every 3 weeks in solid tumors. In 2007, Takimoto et al reported that the MTD of pemetrexed 600-1,400 mg/m 2 with vitamin supplementation in adult patients (age range: 18-80 years) with locally advanced or metastatic solid tumors was 800 mg/m 2 in heavily pretreated patients and 1,050 mg/m 2 in lightly pretreated patients [7] . In Takimoto's study, DLTs were mostly hematologic with only 3.6% to 5% of heavily pretreated patients experiencing Grade 3 hyperbilirubinemia and 0% to 4.4% of lightly pretreated patients experiencing Grade 3 hyperbilirubinemia; likewise, 2.9% to 8.7% of lightly pretreated patients experienced Grade 3 elevated transaminases and 0% of heavily pretreated patients experienced elevated transaminases. In children aged 1-21 years with refractory solid tumors, the MTD of pemetrexed 400-2,480 mg/m 2 with vitamin supplementation was 1,910 mg/ m 2 , and the primary DLTs were neutropenia and rash [19] . In this trial, only one patient experienced Grade 3 elevation of ALT/AST at 1,470 mg/m 2 pemetrexed; the remainder of liver abnormalities were Grade 1 or Grade 2. Thus, the MTD of 2,700 mg/m 2 reported here in patients with leukemia is the highest tolerable dose of pemetrexed reported to date. With consideration of the disease state differences in hematologic toxicities, these patients with leukemia were able to tolerate higher doses of pemetrexed than those with solid tumors.
The PK behavior of pemetrexed revealed that exposure increased linearly over a dose range of 900 to 3,600 mg/m 2 . Pharmacodynamic measurements confirmed the inhibition of TS in this study involving patients with leukemia. However, such systemic TS inhibition did not always translate into cellular PD response (see below). The data described herein (Figs. 2 and 4) for patients with leukemia show plasma deoxyuridine peaked at 24-48 h following a single dose of pemetrexed 900-3,600 mg/m 2 , and gradually returned to baseline over a period of several days for some patients and longer for others. This suggests effective and persistent systemic inhibition of TS for at least 48 h following an infusion of pemetrexed. However, this marker is not specific for tumor cells, and may not reflect intratumoral dose-response. A complete set of studies could not be obtained for all patients. However, at the 900 mg/m 2 dose level, studies in patient 100 showed an interesting PK-PD correlation. For this patient, plasma pemetrexed clearance was followed first by transient intracellular pemetrexed accumulation, which persisted for about 48 h, then subsequent modulation in the deoxyuridine profile (Fig. 2) coupled with reduction of TTP and dGTP pools (Fig. 3) , which is in accord with preclinical data [20] . Furthermore, the incorporation of deoxycytidine into mononuclear cell DNA was inhibited in another patient studied at the 1,500 mg/m 2 dose level (Fig. 3) . The peak, and relative elevation of deoxyuridine expressed as a percentage of baseline, was not correlated to pemetrexed dose, suggesting that TS inhibition may be saturated perhaps even at the lowest pemetrexed dose employed in this study. This may be relevant to the experience in solid tumor trials, where no consistent efficacy advantage has been observed with pemetrexed doses higher than 500 mg/m 2 [11, 21] . It would be of value to know whether the CNS or other sanctuary sites require higher pemetrexed dosing to replicate these findings in those tissues.
Although the PK and PD data from this study suggest that pemetrexed at doses of 900-3,600 mg/m 2 inhibits TS in patients with acute leukemia, pemetrexed demonstrated limited activity in this cohort of heavily pretreated patients. In fact, the observed cellular PD responses in two patients (Patient 100 and Patient 107) did not translate into any observable clinical response. It is possible that prolonged inhibition of TS beyond several days is required to induce death of the blasts. Alternatively, it is likely that leukemia cells from these patients contain a combination of genetic and biochemical abnormalities that enable the blast cells to circumvent the toxic effects of pemetrexed, such that single agent pemetrexed, despite inhibition of several components of the folic acid pathway, had limited clinical activity in these heavily pretreated patients. Based on the known biology of tumor cells, especially those originating from patients with relapsed/refractory disease, it is likely that multiple cellular pathways need to be targeted to maximize tumor cell death with concomitant clinical efficacy. Variability in nucleotide pools observed in circulating blasts suggests that among patients with leukemia, some have different nucleotide or folic acid metabolic patterns, and therefore varying susceptibility to antimetabolite agents. Thus, in patients with refractory leukemia, the development of pemetrexed in combination with other complementary agents is a reasonable future endeavor.
